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Plate-like  Li3V2(P04)3/C  composite  is  synthesized  via  a  solution  route  followed  by  solid-state  reaction. 
The  Li3V2(P04)3/C  plates  are  40-100  nm  in  thicknesses  and  2-10  p>m  in  lengths.  TEM  images  show  that 
a  uniform  carbon  layer  with  a  thickness  of  5.3  nm  presents  on  the  surfaces  of  Li3V2(P04)3  plates.  The 
apparent  Li-ion  diffusion  coefficient  of  the  plate-like  Li3V2(P04)3/C  is  calculated  to  be  2.7  x  10-8  cm2  s-1. 
At  a  charge-discharge  rate  of  3C,  the  plate-like  Li3V2(P04)3/C  exhibits  an  initial  discharge  capacity  of 
125.2  and  133.1  mAhg-1  in  the  voltage  ranges  of  3. 0-4.3  and  3.0-4.8  V,  respectively.  After  500  cycles, 
the  electrodes  still  can  deliver  a  discharge  capacity  of  1 1 1.8  and  97.8  mAhg-1  correspondingly,  showing 
a  good  cycling  stability. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Monoclinic  Li3V2(P04)3  is  considered  to  be  one  of  the  most 
promising  cathode  materials  for  lithium  secondary  batteries 
because  of  its  advantages  such  as  high  operate  voltage,  high  the¬ 
oretical  capacity  (197 mAh g-1)  and  good  thermal  stability  [1,2]. 
Unfortunately,  Li3V2(P04)3  has  an  intrinsically  low  electronic  con¬ 
ductivity  (2.4  x  10-7  Son-1)  as  LiFeP04  (10-10  to  10-9  Son-1)  [3], 
which  greatly  limits  its  practical  applications.  Thereby,  various 
methods  have  been  used  to  solve  this  problem,  including  doping 
with  foreign  atoms  [4-6],  decreasing  the  particle  size  [2,7]  and  coat¬ 
ing  electronically  conductive  agents  such  as  carbon  [8-10]  and  Ag 
[11]. 

Numerous  synthesis  routes  have  been  developed  to  pre¬ 
pare  Li3V2(P04)3,  such  as  solid-state  reaction  [8-10,12],  sol-gel 
method  [2,13,14],  rheological  phase  reaction  [15],  low  temperature 
solid-state  route  [16],  wet  coordination  method  [17],  microwave 
solid-state  synthesis  [18],  hydrothermal  synthesis  [19],  chemical 
reduction  and  lithiation  method  [20],  and  ultrasonic  spray  pyrol¬ 
ysis  [21].  To  date  almost  all  the  Li3V2(P04)3  materials  prepared 
by  various  methods  are  particulate  composites,  there  are  very 
few  reports  on  Li3V2(P04)3  with  morphologies  such  as  nanorods, 
nanobelts,  nanoplates,  and  mesoporous  structures.  Recently,  Liu 
et  al.  [22]  synthesized  Li3V2(P04)3  nanorods  with  one-dimensional 
nanostructure  by  hydrothermal  reaction,  which  showed  good  elec¬ 
trochemical  performance  due  to  the  shorten  distance  of  electron 
transport  and  ion  diffusion  in  the  nanorod  radius.  Moreover,  nanos- 
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tructured  Li3V2(P04)3/C  with  mesoporous  carbon  coating  and  the 
Li3V2(P04)3/C  thin  film  showed  high  reversible  capacities,  good 
capacity  retention  and  high-rate  capabilities  [7,23].  More  recently, 
Pan  et  al.  [24]  synthesized  Li3V2(P04)3  nanobelts  by  solid  state 
reaction  in  a  molten  hydrocarbon,  which  showed  good  rate  per¬ 
formance  and  excellent  cycle  stability.  Electrode  materials  with 
plate-like  characteristics  could  also  exhibit  excellent  electrochem¬ 
ical  performances  [25-28].  Dokko  et  al.  [28]  synthesized  LiFeP04 
with  needle-like,  plate-like  and  randomly  shaped  morphologies  by 
changing  the  pH  value  using  hydrothermal  method,  and  they  found 
that  the  plate-like  crystals  showed  the  highest  electrochemical 
reactivity  among  the  samples.  Saravanan  and  co-workers  [29-31] 
reported  that  the  carbon-coated  LiFeP04  nanoplates  exhibited 
impressive  storage  performance  due  to  the  nanoplate  morphol¬ 
ogy  favors  short  diffusion  lengths  for  Li+  ions  along  the  b-axis. 
Choi  et  al.  [32]  and  Wang  et  al.  [33]  demonstrated  that  nanoplate¬ 
like  LiMnP04  could  achieve  a  high  specific  capacity  and  excellent 
cycling  ability.  In  this  work,  plate-like  Li3  V2(P04)3 /C  is  produced  via 
a  solution  route  followed  by  solid-state  reaction.  The  electrochem¬ 
ical  properties  of  the  Li3V2(P04)3/C  composite  are  investigated, 
presenting  a  good  electrochemical  stability. 


2.  Experimental 

The  Li3V2(P04)3/C  composite  was  synthesized  using  a  solu¬ 
tion  route  followed  by  solid-state  reaction.  In  a  typical  synthesis, 
5.39  g  of  Li0HH20  and  4.00  g  of  glycine  were  dissolved  in30mL  of 
deionized  water  using  two  beakers  under  magnetic  stirring,  respec¬ 
tively.  1 0.00  g  of  NH4V03  was  added  to  another  beaker  with  50  mL 
of  deionized  water,  then  an  appropriate  quantity  of  H3P04  (85%, 
solution)  was  added  dropwise  to  the  NH4V03  turbid  liquid  under 


0378-7753 /$  -  see  front  matter  ©  2011  Elsevier  B.V.  All  rights  reserved, 
doi:  10.1 01 6/j.jpowsour.201 1.06.056 


Y.Q.  Qiao  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  8706-8709 


8707 


magnetic  stirring  until  a  brownish-red  solution  was  formed.  After¬ 
ward,  the  resulting  LiOH  and  glycine  solution  were  added  to  the 
brownish-red  solution  gradually.  And  then,  0.80  g  of  carbon  (Super 
P)  was  added  to  the  mixed  solution.  After  vigorous  magnetic  stir¬ 
ring  at  room  temperature  for  1  h,  this  mixed  solution  was  dried  in 
an  oven  at  70  °C  to  obtain  the  precursor.  The  precursor  was  then 
sintered  at  700  °C  for  10  h  under  Ar  flow  to  get  the  Li3V2(P04)3/C 
composite. 

The  morphology  and  microstructure  of  the  as-synthesized  pow¬ 
der  were  characterized  using  field  emission  scanning  electron 
microscopy  (FESEM,  FEI  SIRION),  X-ray  diffraction  (XRD,  Philips 
PC-APD  with  Cu  Ka  radiation)  and  high-resolution  transmission 
electron  microscopy  (TEM,  Tecnai  G2  F30  S-Twin). 

Electrochemical  performances  of  the  Li3V2(P04)3/C  composite 
were  investigated  using  CR2025  coin-type  cell.  The  cathode  con¬ 
sisted  of  85  wt.%  active  material,  10wt.%  carbon  conductive  agent 
(residual  carbon  and  acetylene  black)  and  5  wt.%  polyvinylidene 
fluoride  on  aluminum  foil.  A  metallic  lithium  foil  served  as  the 
anode.  1  M  LiPF6  in  ethylene  carbonate  (EC)-dimethyl  carbonate 
(DMC)  (1:1  in  volume)  as  the  electrolyte,  and  a  polypropylene 
micro-porous  film  (Cellgard  2300)  as  the  separator.  The  cells  were 
assembled  in  an  argon-filled  glove  box.  The  charge-discharge  tests 
were  conducted  on  LAND  battery  program-control  test  system 
between  3.0  and  4.3  V,  3.0  and  4.8  V  at  rates  of  0.1 -3  C.  Cyclic 
voltammetry  (CV)  were  performed  on  CEII660C  electrochemical 
workstation  in  the  potential  ranges  of  3.0-4.3  V  and  3.0-4.8  V  (vs. 
Li/Li+)  at  scan  rates  from  0.05  to  0.25  mV s-1,  respectively. 

3.  Results  and  discussion 

Fig.  1(a)  and  (b)  depict  the  SEM  images  of  the  precursor  and 
plate-like  Li3V2(P04)3/C,  respectively.  It  is  found  that  the  precur¬ 
sor  has  plate-like  morphology  when  glycine  is  used  in  solution 
synthesis  (Fig.  1(a)).  After  sintering  at  700  °C  for  lOh,  the  parti¬ 


cles  still  remain  plate-like  morphology  (Fig.  1(b)).  It  is  observed 
that  the  Li3V2(P04)3/C  plates  have  40-1 50  nm  in  thicknesses.  The 
lengths  of  the  plates  are  not  uniform  and  they  are  in  the  range  of 
2-10  [Jim.  It  is  known  that  Li3V2(P04)3  is  an  insulator  for  both  of 
lithium  ions  and  electrons,  thus  it  is  worth  of  establishing  a  uni¬ 
form  carbon  layer  on  Li3V2(P04)3  particle  in  order  to  improve  its 
electrochemical  performance.  From  XRD  analysis,  all  the  diffraction 
peaks  of  the  as-synthesized  powder  can  be  indexed  as  monoclinic 
Li3V2(P04)3  phase  (space  group  P2!  /n(14),  ICSD  #96962),  as  shown 
in  Fig.  1(c).  There  is  no  evidence  in  the  XRD  pattern  for  the  pres¬ 
ence  of  carbon  due  to  its  low  content  or  amorphous  state  in  the 
composite.  The  carbon  content  in  the  plate-like  Li3V2(P04)3/C  is 
3.22  wt.%  according  to  the  elemental  analysis.  It  is  also  noticed  that 
the  peak  intensity  ratios  of  /(02o)/J(220)  and  /(02o)%i i)  are  1.87 
and  3.86,  respectively,  while  the  granular  Li3V2(P04)3  are  in  the 
ranges  of  1.23-1.38  and  1.97-2.81  [1,7,22],  respectively.  This  also 
suggests  that  the  particles  have  some  preferred  crystal  orienta¬ 
tion  such  as  plate-like  morphology.  From  the  TEM  images  of  the 
plate-like  Li3V2(P04)3/C,  as  shown  in  Fig.  l(d)-(f),  a  uniform  car¬ 
bon  layer  presents  on  the  surfaces  of  Li3V2(P04)3  plates,  similar  to 
the  carbon-coated  LiFeP04  nanoplates  [29].  It  can  be  found  that  the 
thickness  of  the  carbon  layer  is  about  5.3  nm  (Fig.  1(f)).  In  the  body 
part  of  the  particle,  the  lattice  fringes  are  clearly  visible,  indicating 
single  crystallinity  of  the  plate.  The  6.94  A  spacing  corresponds  to 
the  (1 1  0)  plane  of  monoclinic  Li3V2(P04)3. 

Fig.  2(a)  and  (b)  show  the  initial  charge-discharge  profiles  of 
plate-like  Li3V2(P04)3/C  at  0.1  C  and  the  corresponding  differential 
capacity  plots.  The  differential  capacity  plots  derived  by  the  data  of 
charge-discharge  at  0.1  C,  and  the  characteristics  of  the  plots  are 
indicative  of  the  complex  insertion-extraction  reactions  of  the  Li 
ions  for  the  electrode  [1-3].  The  plate-like  Li3V2(P04)3/C  demon¬ 
strates  a  specific  capacity  of  131.6  mAh  g-1  between  3.0  and  4.3  V 
at  0.1  C  (99%  of  the  theoretical  capacity),  while  in  the  potential 
range  of  3.0-4.8  V,  the  electrode  displays  a  high  discharge  capacity 
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Fig.  1.  SEM  images  of  (a)  precursor  and  (b)  plate-like  Li3V2(P04)3/C;  (c)  XRD  pattern  of  Li3V2(P04)3/C.  (d)  TEM  image  of  plate-like  Li3V2(P04)3/C.  (e)  An  enlarged  TEM  image 
showing  a  uniform  coverage  of  amorphous  carbon  layer  on  the  surface  of  Li3V2(P04)3  (indicated  by  a  circle  in  panel  d),  and  (f)  A  HRTEM  image  showing  nearly  5.3-nm  thick 
amorphous  carbon  layer  on  the  surface  of  Li3V2(P04)3  particle  and  lattice  fringes  of  monoclinic  Li3V2(P04)3. 
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Cycle  number 

Fig.  2.  The  initial  charge-discharge  profiles  of  plate-like  Li3  V2  (P04  )3 /C  in  the  voltage 
ranges  of  (a)  3.0-4.3  V  and  (b)  3.0-4.8  V  at  0.1  C,  and  the  corresponding  differential 
capacity  plots,  (c)  Cycling  performance  at  3  C. 


of  193.7  mAhg-1  (98%  of  the  theoretical  capacity).  Fig.  2(c)  shows 
the  cycling  performance  of  the  plate-like  Li3  V2(P04)3/C  at  3  C.  It  can 
be  found  that  the  plate-like  Li3V2(P04)3/C  has  an  initial  discharge 
capacity  of  125.2  and  133.1  mAhg-1  at  3  C  in  the  voltage  ranges  of 
3.0-4.3  and  3.0-4.8  V,  respectively.  Even  after  500  cycles,  discharge 
capacities  of  111.8  and  97.8  mAh  g-1  can  still  be  sustained  at  3C 
between  3.0  and  4.3  V,  and  3.0-4.8  V,  respectively.  The  cell  retains 


Fig.  3.  CV  curves  for  plate-like  Li3V2(P04)3/C  at  scan  rates  from  0.05  to  0.25  mV s_1. 

89.3%  and  66.0%  of  its  initial  discharge  capacity  correspondingly, 
showing  a  good  cycling  performance. 

Fig.  3  shows  CV  curves  of  the  plate-like  Li3V2(P04)3/C  at  differ¬ 
ent  scan  rates.  The  symmetrical  and  well-defined  oxidation  and 
reduction  peaks  in  the  CV  plots  indicate  the  good  reversibility 
of  lithium  extraction/insertion  reactions  in  the  material.  For  the 
semi-infinite  and  finite  diffusion,  the  relationship  between  the  peak 
current  and  the  square  root  of  scan  rate  are  used  to  extract  the  Li-ion 
diffusion  coefficient,  applying  the  Randles  Sevcik  equation  [8,10]: 

Ip  =  2.69  x  10 5n3^2AD^2Cv^2 

where  Ip  is  the  peak  current  (A),  n  is  the  number  of  electrons  per 
species  reaction,  A  is  the  contact  area  between  Li3V2(P04)3/C  and 
electrolyte  (here  the  geometric  area  of  electrode,  1.0  cm2,  is  used 
for  simplicity),  D  is  the  diffusion  coefficient  of  Li+  in  the  solid  state 
(cm2  s_1),  Cis  the  shuttle  concentration  (3.7  x  10-3  mol  cm-3  [10]), 
and  v  is  the  potential  scan  rate  (V  s-1 ).  From  the  slope  of  the  linear  fit 
(insert  graph  in  the  bottom  left  corner  in  the  panel),  the  apparent  Li- 
ion  diffusion  coefficient  of  the  plate-like  Li3  V2(P04)3/C  is  calculated 
to  be  2.7  x  10-8  cm2  s-1.  It  is  found  that  the  value  of  DLi+  is  very 
close  to  the  value  (the  order  of  10-9cms-1)  reported  by  Fluang 
et  al.  [34],  and  are  higher  than  the  ones  obtained  by  other  research 
groups  [8,17].  This  fast  ionic  conductivity  character  favors  fast  rate 
and  power  applications. 

4.  Conclusions 

Plate-like  Li3V2(P04)3/C  composite  was  successfully  synthe¬ 
sized  via  a  solution  route  followed  by  solid-state  reaction.  The 
Li3V2(P04)3  plates  were  coated  by  a  uniform  carbon  layer  with 
a  thickness  of  5.3  nm.  The  plate-like  Li3V2(P04)3/C  exhibited  an 
initial  discharge  capacity  of  125.2  and  133.1  mAhg-1  at  3  C  in  the 
voltage  ranges  of  3.0-4.3  and  3.0-4.8V,  respectively.  After  500 
cycles,  89.3%  and  66.0%  of  its  initial  discharge  capacity  could  be 
maintained  correspondingly,  showing  a  good  cycling  performance. 
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